Expanded subgenomic mRNA transcriptome and coding capacity of a nidovirus by Di, Han et al.
Expanded subgenomic mRNA transcriptome and coding
capacity of a nidovirus
Han Dia, Joseph C. Madden Jr.a, Esther K. Morantza, Hsin-Yao Tangb, Rachel L. Grahamc, Ralph S. Baricc,d,
and Margo A. Brintona,1
aDepartment of Biology, Georgia State University, Atlanta, GA 30303; bProteomics and Metabolomics Facility, The Wistar Institute, Philadelphia, PA 19104;
cDepartment of Epidemiology, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599; and dDepartment of Microbiology and Immunology,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599
Edited by Paul Ahlquist, University of Wisconsin–Madison, Madison, WI, and approved August 28, 2017 (received for review April 24, 2017)
Members of the order Nidovirales express their structural protein
ORFs from a nested set of 3′ subgenomic mRNAs (sg mRNAs), and
for most of these ORFs, a single genomic transcription regulatory
sequence (TRS) was identified. Nine TRSs were previously reported
for the arterivirus Simian hemorrhagic fever virus (SHFV). In the
present study, whichwas facilitated by next-generation sequencing,
96 SHFV body TRSs were identified that were functional in both
infected MA104 cells and macaque macrophages. The abundance
of sg mRNAs produced from individual TRSs was consistent over
time in the two different cell types. Most of the TRSs are located
in the genomic 3′ region, but some are in the 5′ ORF1a/1b region
and provide alternative sources of nonstructural proteins. Multiple
functional TRSs were identified for themajority of the SHFV 3′ORFs,
and four previously identified TRSs were found not to be the pre-
dominant ones used. A third of the TRSs generated sg mRNAs with
variant leader–body junction sequences. Sg mRNAs encoding E′,
GP2, or ORF5a as their 5′ ORF as well as sg mRNAs encoding six
previously unreported alternative frame ORFs or 14 previously
unreported C-terminal ORFs of known proteins were also identi-
fied. Mutation of the start codon of two C-terminal ORFs in an
infectious clone reduced virus yield. Mass spectrometry detected
one previously unreported protein and suggested translation
of some of the C-terminal ORFs. The results reveal the complex-
ity of the transcriptional regulatory mechanism and expanded
coding capacity for SHFV, which may also be characteristic of
other nidoviruses.
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The virus families Coronaviridae, Arteriviridae, Mesoniviridae,and Roniviridae constitute the order Nidovirales. Nidoviruses
EAV particle assembly (12–14). The nucleocapsid (N) protein
forms homodimers that interact with each other as well as with the
genomic RNA to form a “cage-like” nucleocapsid (15–17). The
minor structural glycoproteins GP2, GP3, and GP4 form hetero-
trimers and function in cell-receptor recognition (18, 19). The
minor structural protein E forms oligomers and is thought to
function as an ion channel in the virion membrane during cell entry
(20). The function of the recently discovered ORF5a, a possible
additional minor structural protein, is not known, but knocking out
the expression of this protein in the EAV genome reduced the
virus yield (21, 22). Among arteriviruses, SHFV has the largest
genome at ∼15.7 kb and encodes an additional nsp1 protein
(nsp1γ) and an extra set of minor structural proteins (GP2′, GP3′,
GP4′, and E′) (23, 24). The functions of these additional minor
structural proteins are not currently known, but each is required
for the production of infectious extracellular virions (25).
All nidoviruses generate a 3′ coterminal nested set of sg mRNAs
to express structural and also, in some cases, accessory proteins. The
production of the minus-strand templates for these sg mRNAs is
regulated by transcription regulatory sequences (TRSs) located in
the 3′ region of the genome that are called “body TRSs.” In addition
to being 3′ coterminal, the sg mRNAs of coronaviruses, arteriviruses,
and mesoniviruses are also 5′ coterminal due to a discontinuous
RNA synthesis mechanism (1, 3, 26, 27). The arterivirus TRSs are
usually 30 to 40 nt in length and consist of a 6- to 9-nt core sequence
with 10- to 15-nt flanking sequences on each side. It has been pro-
posed that the leader TRS folds into a stem–loop structure with
the core sequence located in the loop and the flanking sequences
forming the stem (28, 29). There is a single 5′ leader TRS but
multiple 3′ body TRSs in arterivirus genomes. The core sequences of
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are single-stranded, positive-sense RNA viruses that share a similar 
genome organization and generate a 3′ coterminal nested set of 
subgenomic (sg) mRNAs to express structural and accessory pro-
teins (1–3). The genomes of the arteriviruses are approximately 
half the size of those of Coronaviruses. Members of the family 
Arteriviridae include Simian hemorrhagic fever virus (SHFV), Lac-
tate dehydrogenase-elevating virus (LDV), and the well-studied 
viruses Equine arteritis virus (EAV) and Porcine reproductive and 
respiratory syndrome virus (PRRSV). SHFV infections in species of 
African monkeys are typically persistent and asymptomatic (4–7). 
In contrast, SHFV infections in Asian macaque monkeys trigger an 
acute, fatal hemorrhagic fever disease with death occurring 7–14 d
after infection (6, 8). Macrophages (MΦs) and dendritic cells are 
target cells for SHFV (9).
Arterivirus genomes have a 5′ cap and a 3′ poly(A) tail. The 5′
two-thirds of the genome encodes two polyproteins, ORF1a and 
ORF1ab, that are auto-cleaved into 13–15 nonstructural proteins 
required for virus replication and transcription (10, 11). The 3′
one-third of the arterivirus genome encodes either five or nine 
minor structural proteins and three major structural proteins 
that are required for infectious virus (iv) particle production. 
Among the major structural proteins, GP5 and M form hetero-
dimers in the viral envelop and were shown to be essential for
Results
An Additional sg mRNA Band Was Consistently Detected in SHFV-Infected
MA104 Cell Lysates by Northern Blotting.The SHFV structural protein
ORFs are expressed from sg mRNAs. In an initial study, six strong
sg mRNA bands, which were thought to encode three minor and
three major structural proteins as in other arteriviruses, were de-
tected by Northern blotting of RNA extracted from SHFV-infected
MA104 cell lysates (35, 37). However, subsequent sequencing of the
3′ end of the SHFV genome predicted the presence of three ad-
ditional minor structural protein ORFs in this region and suggested
that nine sg mRNAs should have been detected (36). A recent
Northern blot analysis performed with a digoxigenin (DIG)-labeled
5′ leader probe on RNA extracted from SHFV-infected MA104
cells [multiplicity of infection (MOI) of 1] at 8, 16, and 24 h post
infection (hpi) detected nine sg mRNA bands with sizes corre-
sponding to those predicted for the nine ORFs (25). However, an
additional sg mRNA band was consistently detected between sg
mRNA5 and sg mRNA6 (25). To confirm the production of the
additional sg mRNA band, MA104 cells were infected with SHFV
infectious clone (SHFVic) virus at an MOI of 1, and total in-
tracellular RNA was extracted at different times after infection and
subjected to Northern blotting analysis using a DIG-labeled sg
mRNA7 probe (Table S1). A genomic RNA band and 10 sg mRNA
bands were detected by 8 hpi (Fig. 1A). The sizes of nine of these sg
mRNA bands were 5.0, 4.4, 4.0, 3.5, 2.8, 2.6, 1.9, 1.2, and 0.6 kb and
corresponded to the sizes of the previously identified sg mRNA2′, sg
mRNA3′, sg mRNA4′, sg mRNA2, sg mRNA3, sg mRNA4, sg
mRNA5, sg mRNA6, and sg mRNA7, respectively (25). The addi-
tional ∼1.7-kb band was detected between sg mRNA5 (1.9 kb) and sg
mRNA6 (1.2 kb). To further characterize this sg mRNA, MA104
cells were infected with SHFVic at an MOI of 1, and at 12 hpi total
intracellular RNA was extracted from three biological-repeat exper-
iments and was subjected to Northern blotting using either a sg
mRNA5 probe (targeting the region between TRS5 and TRS6) or a
sg mRNA6 probe (targeting the region between TRS6 and TRS7)
(Table S1). The sg mRNA5 probe detected the bands corresponding
to all the previously identified sg mRNAs except for sg mRNA6 and
sg mRNA7 and also detected the additional ∼1.7-kb band (Fig. 1B).
The sg mRNA6 probe detected all the sg mRNAs except for sg
mRNA7 and also strongly detected the ∼1.7-kb band. Based on the
Northern blotting data, the ∼1.7-kb sg mRNA band was predicted
to be generated from a body TRS located between TRS5 and TRS6.
Identification of the Body TRS for the ∼1.7-kb sg mRNA. To identify
the body TRS for the ∼1.7-kb sg mRNA, a set of primers was
designed to be complementary to the 5′ leader region and a region
upstream of TRS6 and used for RT-PCR amplification of RNA
extracted from SHFVic-infected MA104 cells (MOI of 1) at 24 hpi
(Fig. S1A). Multiple strong bands close to the predicted size
(852 bp) of the sg mRNA5 leader–body junction as well as a cluster
of fainter, faster-migrating bands (∼500 bp) were detected (Fig.
S1B). No bands were detected in the mock-infected samples. The
region of the gel containing the faster-migrating bands was excised,
and the DNA was extracted and cloned into a TA vector. Forty
colonies were randomly selected, and the plasmid DNAs were
extracted. The leader–body junction inserts were cut out by re-
striction digestion and separated by gel electrophoresis (Fig. S1C).
Clones containing leader–body junctions of different sizes were
sequenced. Alignment of the resulting sequences with both the 5′
leader and the 3′ SHFV genome sequences revealed seven addi-
tional functional body TRSs located between TRS5 and TRS6 (Fig.
S2). The sg mRNAs generated from all seven of these TRSs
encoded the same in-frame, C-terminal peptide of GP5 that was
designated “ORF5-C-68aa” (Fig. S1D).
Identification of Additional Functional Body TRSs in the SHFV Genome.
The discovery of multiple previously unreported functional body
TRSs between TRS5 and TRS6 suggested that the additional band
detected on the Northern blots (Fig. 1) contained a group of sg
mRNAs generated from nearby body TRSs. Multiple PCR bands
were also detected in the region of the gel containing the predicted
different body TRSs vary in the extent of their sequence homology 
to the core sequence of the leader TRS (30). As the viral RNA 
polymerase copies a minus strand from the 3′ end of the genome, 
it sequentially encounters the 3′ body TRSs. At each body TRS, 
the polymerase either reads through or terminates prematurely 
within the TRS sequence. If termination occurs, the polymerase 
carrying a partially transcribed minus-strand RNA disassociates 
from the genome. Because the 3′ end of the nascent minus-strand 
RNA contains a portion of a sequence complementary to the body 
TRS, which is also partially complementary to the 5′ leader TRS, 
it can realign at the 5′ end of the genome (31). Transcription then 
continues, generating a minus-strand sg RNA with a unique 
leader–body junction sequence (32, 33). The minus-strand sg 
RNAs generated are then efficiently transcribed into sg mRNAs. 
Each sg mRNA typically expresses one structural protein from the 
first 5′ start codon (5′ proximal ORF), but in a few instances the 
expression of one or more additional ORFs from a single sg mRNA 
has been proposed (21, 22, 24, 34).
Similar to other arteriviruses, the SHFV genome was initially 
thought to encode six structural protein ORFs because six strong sg 
mRNA bands were detected by Northern blotting of infected cell 
extracts (35). However, subsequent sequencing of the 3′ region of 
the SHFV genome revealed the presence of ORFs for an extra set 
of minor structural proteins, GP2′, GP3′, and GP4′ (36). The body 
TRSs for GP2′ and GP4′ were then discovered, but a separate 
body TRS for SHFV GP3′ was not identified (24, 36). In a recent 
study, a sg mRNA3′ encoding GP3′ as the 5′ ORF was detected by 
Northern blotting, and the corresponding body TRS3′ was identi-
fied by RT-PCR amplification, cloning, and sequencing (25). This 
study also detected an additional sg mRNA band between the sg 
mRNA5 and sg mRNA6 bands on the Northern blots that was not 
characterized (25). Additional ORFs encoding the E and ORF5a 
proteins were discovered in other arterivirus genomes, and the 
SHFV genome was predicted to encode three additional proteins, 
E, E′, and ORF5a. It was proposed that the arterivirus E and 
ORF5a proteins are expressed from the second ORF of bicistronic 
sg mRNAs (21, 22, 34).
In the present study, the presence of an additional sg mRNA 
band between sg mRNA5 and sg mRNA6 was confirmed, and this 
band was shown to contain seven different sg mRNAs of similar 
size, each regulated by a unique body TRS. All seven of these sg 
mRNAs encode the same in-frame C-terminal region of GP5. 
To identify additional functional TRSs, the SHFV sg mRNA 
transcriptome was analyzed first by amplification, cloning, and 
sequencing of sg mRNA leader–body junctions and then by next-
generation sequencing (NGS) of mRNAs extracted from SHFV-
infected MA104 cells and macaque MΦs. A total of 96 functional 
body TRSs were identified in the SHFV genome; the majority
were located in the 3′ structural protein region of the genome, but 
some were also located in the ORF1a/1b region and produced sg 
mRNAs encoding nonstructural proteins. Thirty-four of the iden-
tified TRSs produced sg mRNAs with two or three variant leader–
body junction sequences. The relative abundance of sg mRNAs 
produced at individual TRSs remained consistent at early and late 
times post infection in both cell types analyzed. The majority of the 
newly identified TRSs produced alternative sg mRNAs for known 
structural proteins. Separate TRSs and sg mRNAs were identified 
for E′, GP2, and ORF5a. In addition, sg mRNAs encoding in-
frame C-terminal ORFs of a number of structural proteins as well 
as previously unreported ORFs in alternative reading frames were 
detected. Mass spectrometry analysis of the viral proteome in 
SHFV-infected MA104 cells detected all the previously identified 
and predicted SHFV proteins except for ORF5a and nsp6. This 
analysis also detected one of the alternative reading frame pro-
teins and suggested the production of some of the C-terminal 
ORFs. The expanded sg mRNA transcriptome and coding capacity 
and the complex but consistently regulated sg mRNA production 
for individual ORFs discovered for SHFV are likely characteristic 
of other nidoviruses.
sg mRNA5 leader–body junction (852 bp) (Fig. S1B), strongly
suggesting the existence of additional functional TRSs near
TRS5 and possibly also adjacent to the previously identified body
TRSs for the other 3′ SHFV ORFs. To identify additional func-
tional TRSs within the 3′ end of the SHFV genome, nine reverse
primers were designed, each targeting a region downstream of the
identified body TRS of one of the 3′ ORFs. Each reverse primer
together with the same 5′ leader forward primer was used for RT-
PCR amplification of the leader–body junctions of sg mRNAs
generated from the corresponding 3′ region of the genome (Table
S2). After RT-PCR amplification and TA cloning, 20 clones were
randomly selected for each of the nine regions and sequenced. All
nine of the previously published body TRSs were detected, and a
total of 36 additional functional body TRSs were discovered (Table
S3). Twenty-one of these 36 body TRSs functioned as redundant
body TRSs generating minus-strand templates for sg mRNAs
encoding known structural proteins (Table S3). The remaining 15
of these additional body TRSs generated minus-strand templates
for sg mRNAs encoding an in-frame, C-terminal peptide of a
known structural protein. These peptides were designated “ORF2a′-
C-25aa,” “ORF4′-C-84aa,” “ORF2a-C-161aa,” ORF5-C-68aa, and
“ORF6-C-79aa” (Fig. 2 and Table S3).
The SHFV sg mRNA2′, sg mRNA2, and sg mRNA5 were
previously predicted to bicistronically express GP2′/E′, E/GP2,
and GP5/ORF5a proteins, respectively. In sg mRNA2′, the start
codon for E′ is located 91 nt downstream of the GP2′ start co-
don. Two additional functional body TRSs were identified in this
91-nt region that produced sg mRNAs encoding E′ as the 5′
proximal ORF (Table S3). In sg mRNA2, the GP2 start codon is
located only 37 nt downstream of the E start codon. One addi-
tional functional body TRS was identified in this 37-nt region
that produced a sg mRNA encoding GP2 as the 5′ proximal ORF
(Table S3). The data indicate that E′ and GP2 can be expressed
monocistronically from separate sg mRNAs. However, the possi-
bility that bicistronic expression of these proteins may also occur
was not ruled out. A body TRS that generates a separate sg mRNA
encoding ORF5a as its 5′ proximal ORF was not identified after
TA cloning of the amplified leader–body junctions.
Mutation of the Start Codon of ORF5-C-68aa or ORF6-C-79aa Reduced
SHFV Yield from MA104 Cells. Among the 36 body TRSs identified in
this work, 15 produced sg mRNAs encoding the in-frame C-terminal
peptide of a known structural protein as the 5′ proximal ORF. As
an initial means of analyzing the functional relevance of these
C-terminal peptides, the start codon for each peptide was separately
mutated in the SHFVic LVR strain to generate SHFVic-ΔORF2a′-
C-25aa, SHFVic-ΔORF4′-C-84aa, SHFVic-ΔORF2a-C-161aa,
SHFVic-ΔORF5-C-68aa, and SHFVic-ΔORF6-C-79aa. In each
case, the nucleotide substitution did not change the amino acid in
the overlapping ORF (Table S4). Passage 1 (P1) virus stocks were
generated as described in Materials and Methods. MA104 cells were
infected with either wild-type infectious clone P1 virus or with one of
the mutant P1 viruses at an MOI of 0.5, and viral infectivity in
culture fluids harvested at different times after infection was assessed
by plaque assay in MA104 cells. Compared with wild-type SHFV,
the SHFVic-ΔORF5-C-68aa and SHFVic-ΔORF6-C-79aa mutant
viruses produced decreased virus yields starting at 24 hpi (Fig. 3A),
whereas the SHFVic-ΔORF2a′-C-25aa, SHFVic-ΔORF4′-C-84aa,
and SHFVic-ΔORF2a-C-161aa mutant viruses produced yields
similar to those of the wild-type virus (Fig. 3B). The SHFVic-
ΔORF5-C-68aa and SHFVic-ΔORF6-C-79aa mutant viruses also
produced small plaques (Fig. 3C). These data suggested that ORF5-
C-68aa and ORF6-C-79aa could be functionally important during
the viral replication cycle.
NGS Identification of Functional SHFV Body TRSs and sg mRNAs with
Alternative Leader–Body Junctions Generated from the Same Body
TRS. Although the strategy based on RT-PCR amplification of
leader–body junctions from SHFV sg mRNAs facilitated the
discovery of a number of previously unreported functional body
TRSs, the depth of this analysis was limited both by the total
number of clones screened in each region and by the relative abun-
dance of each sg mRNA. To increase the depth of the analysis and
to identify sg mRNAs with low abundance, MA104 cells were in-
fected with SHFVic at an MOI of 1, total RNA was extracted at
8 and 18 hpi, and mRNAs were isolated and subjected to Illumina
HiSeq analysis. Three biological repeats for each time point were
sequenced and analyzed with CLC Genomics Workbench soft-
ware. A workflow, which is described inMaterial and Methods, was
designed and used to identify sg mRNA reads containing a leader–
body junction sequence and then to sequentially map them to each
of the 45 identified leader–body junction sequences (15 nt in
length). Multiple reads in both the 8- and 18-h infected samples
mapped to each of the 45 junction sequences, confirming the
Fig. 1. Northern blot analysis of sg mRNAs produced in SHFVic-infected MA104 cells. (A) MA104 cells were mock infected or infected with SHFVic at an MOI
of 1. At different times post infection, total intracellular RNA was extracted, and 1 μg of RNA was separated on a 1% denaturing agarose gel followed by
transfer to an Hybond-N+ membrane. After UV cross-linking, the membrane was hybridized to a DIG-labeled RNA probe specific for sg mRNA7. (B) Total
intracellular RNA collected at 12 hpi from three biological repeats was hybridized separately to DIG-labeled RNA probes specific for sg mRNA5 or sg mRNA6.
The RNA bands detected were labeled based on the estimated sizes of the predicted structural protein sg mRNAs and on the probe used. The additional sg
mRNA band detected is indicated. The RNA ladder was cut from the membrane, stained with methylene blue, and imaged. L, DNA ladder; M, mock-infected;
1, 2, and 3 indicate the different biological repeat samples tested.
for long sg mRNAs with 30 or more reads mapped at 18 hpi. Seven
of these long sg mRNAs encode different lengths of in-frame C-
terminal ORF1a or ORF1b peptides. Three of these long sg
mRNAs encode two previously unreported ORFs in alternative
reading frames: ORF10,071–10,331 encoding an 86-aa protein and
ORF5,920–5,997 encoding a 25-aa protein (Fig. 2), Eleven functional
TRSs were also identified in the 3′ structural protein region that
generated sg mRNAs encoding four additional previously unre-
ported ORFs in alternative reading frames: ORF15,419–15,505
encoding a 28-aa protein, ORF12,407–12,628 encoding a 73-aa protein,
ORF12,191–12,271 encoding a 26-aa protein, and ORF13,699–13,836
encoding a 45-aa protein (Fig. 2).
The Relative Abundance of Individual SHFV sg mRNAs Was Consistent
at Early and Late Times Post Infection in MA104 Cells and Macaque
MΦs. The number of reads mapping to each of the 137 unique
leader–body junction sequences was used to estimate the tran-
scription level of sg mRNA produced from each body TRS. Sep-
arate calculations were made from the data generated for each of
the three biological repeats. Because the values obtained for the
three repeats were very similar, read data from one representative
repeat are shown in Table S6. In cases where sg mRNAs with
variant leader–body junction sequences were produced from a
single body TRS (indicated by a dagger in Table S6), the reads for
each of these sg mRNAs were added together to obtain the total
transcription level from that body TRS (Table S6, “per TRS”
column). When multiple body TRSs produced sg mRNAs encod-
ing the same ORF, the sum of the reads for all these TRSs was
used to indicate the total transcription level for that ORF (Table
S6, “per ORF” column). The total number of reads for each body
TRS was higher at 18 hpi than at 8 hpi, indicating increased
transcription from each body TRS with time after infection.
The relative abundance of sg mRNAs generated from each
SHFV body TRS was calculated by dividing the transcription level
from each body TRS by the total transcription level from all the
body TRSs (Table S7, per TRS column). The relative abundance
of sg mRNAs generated from the different body TRSs varied. The
sg mRNAs generated from the published TRS7 had the highest
abundance (232,720 reads at 8 hpi and 310,224 at 18 hpi, ∼49.53%
and 50.55% abundance, respectively). The sg mRNA with the
Fig. 2. Diagram of the genome locations of the identified SHFV body TRSs and ORFs. Previously published body TRSs are in red. When more than one body
TRS is used for an ORF, an asterisk indicates the TRS with the highest sg mRNA abundance.
production of sg mRNAs from all the identified SHFV body 
TRSs at both an early and a later time post infection. Sur-
prisingly, ∼64% of the sg mRNA reads in the samples collected 
at both times remained unmapped, indicating the junction 
sequences they contained did not have 100% homology with 
any of the identified leader–body junctions and suggesting the 
existence of many additional sg mRNAs and body TRSs. To 
locate the positions of the additional functional body TRSs in 
the SHFV genome, all the remaining sg mRNA reads from the 
18-h MA104 sample were mapped to an SHFV genome se-
quence without the 5′ end (nucleotides 250–15,717) (Fig. 4). The 
majority of the remaining sg mRNA reads mapped to the 3′ region 
of the genome, with the highest number mapping close to ORF7 as 
indicated by the large peak in the read coverage that contained 
about half the remaining reads. Inspection of the sequences of the 
reads mapping to this region revealed an sg mRNA with an alterna-
tive leader–body junction sequence (5′-TCCTTAACCTGAGGA-3′) 
generated from the published TRS7 during discontinuous syn-
thesis of minus-strand RNA (Table S5). Unexpectedly, some 
of the remaining sg mRNA reads mapped to various locations 
in the ORF1a/1b region (Fig. 4). Although the abundance of 
these reads was lower than that of those mapping to the 3′ end 
of the genome, their detection indicated that discontinuous 
RNA synthesis can also occur within the ORF1a/1b region, with a 
higher number of reads from the ORF1b region than from the 
ORF1a region.
To identify all the functional body TRSs in the SHFV genome 
and all the alternative leader–body junctions generated from the 
same body TRS revealed by the NGS data, all the mapped re-
maining sg mRNA reads were analyzed for leader–body junction 
sequences. Fifty-one additional previously unreported body TRSs 
were identified, giving a total of 96 functional body TRSs in the 
SHFV genome (Fig. 2). Thirty-four of these 96 body TRSs generate 
two or more sg RNAs with alternative leader–body junction se-
quences, resulting in a total of 137 sg mRNAs, each containing a 
unique leader–body junction sequence (Table S5). A previously 
unreported body TRS (5′-TACTTATGT-3′) that generates the 
template for a separate sg mRNA with ORF5a as its 5′ proximal 
ORF was identified. Two previously unreported functional body 
TRSs were discovered in the ORF1a region, and eight were dis-
covered in the ORF1b region that generated minus-strand templates
lowest abundance was one generated from a previously unreported
body TRS (5′-ttcttcgcc-3′) located near the published TRS5 (four
reads at 18 hpi and three at 8 hpi, 0.0009% and ∼0.0004% abun-
dance, respectively) (Tables S6 and S7). Interestingly, the sg mRNA
generated from an alternative TRS5 (5′-atcataacc-3′), rather than
the published TRS5, was the third most abundant, indicating that
the published TRS5 is not the primary TRS used. The previously
identified TRSs for GP3′, GP4′, and GP4 were also not the major
ones used. To compare the relative abundance of the sg mRNAs
generated from each TRS at 8 and 18 hpi, the fold change over
time was calculated for each TRS. Interestingly, the relative
abundance of sg mRNAs for each body TRS showed little change
with time after infection (Table S7). These data indicate that the
production of SHFV sg mRNAs from each body TRS is consistent
throughout the infection cycle.
To analyze the effect of the location of a TRS in the genome on
the abundance of sg mRNA generated, the location of each body
TRS in the SHFV genome was plotted against the corresponding
relative sg mRNA abundance from that TRS. The highest density
of body TRSs is in the 3′ region where the SHFV structural pro-
teins are encoded (nucleotides 10,953–15,630) (Fig. 5). Although
the TRS for the 3′ terminal ORF7 produced the highest abundance
of sg mRNAs, a sequential decrease in sg mRNA abundance with
increasing distance of a TRS from the 3′ end of the genome was not
observed. Instead, multiple regions containing body TRSs with high
transcription activity were flanked by regions containing body TRSs
with low transcription activity. To analyze the impact of duplex
stability between leader and body TRSs on sg mRNA abundance,
the lowest free energy (kcal/mol) of the duplex (12 bp) formed
between the leader TRS and each of the seven closely located body
TRSs for ORF5-C-68aa was calculated (Fig. S2). A linear corre-
lation between duplex stability and sg mRNA abundance was not
observed, suggesting that other factors, such as RNA secondary
structure, play a major role in determining sg mRNA abundance.
MΦs and dendritic cells are targeted by SHFV during infections
in monkeys. To determine whether the TRS use and relative
abundance of individual sg mRNAs observed in MA104 cells are
accurate representations of what occurs during an in vivo infection,
primary rhesus macaque MΦs were infected with SHFVic at an
MOI of 1, and mRNAs isolated from total RNA extracted at 7 or
16 hpi was subjected to NGS using Illumina MiSeq. The se-
quencing data were analyzed using CLC Genomics Workbench
software and the same workflow described above. Although fewer
total reads were obtained due to the lower capacity of Illumina
MiSeq compared with HiSeq, each of the 96 body TRSs identified
in the SHFV genome was also functional at both early and late
times post infection in MΦs, with the exception of the body TRS
(5′-ttcttcgcc-3′). This body TRS had the lowest number of mapped
reads in MA104 cells (Table S6). There were no reads mapped to
this TRS in the 7-h infected MΦ sample, but two reads mapped to
it in the 16-h sample (Table S8). The lower capacity of Illumina
MiSeq likely negatively impacted the detection of the rare sg
mRNAs produced from this TRS. The relative sg mRNA
abundance produced at the majority of the SHFV body TRSs was
similar in the infected MΦ and MA104 samples and remained
consistent in both types of cells with time after infection (Table
S7). The consistent sg mRNA abundance for individual TRSs at
different times after infection in both a cell line and primary
MΦs indicates that transcription is regulated by viral, not
cellular, factors.
Fig. 3. Effect of mutagenesis of the start codons of the C-terminal ORFs
encoded by identified sg mRNAs on virus production in MA104 cells. (A and B)
MA104 cells were infected (MOI of 0.5) with P1 of wild-type or the indicated
start codon-mutant SHFVic virus. At different times after infection, the culture
fluid was collected, and virus infectivity was determined by plaque assay on
MA104 cells. (C) Comparison of the diameters of the plaques produced by
wild-type and mutant SHFVic viruses harvested at 24 hpi.
Fig. 4. Genome alignment of the NGS sg mRNA
reads that did not contain one of the 45 identified
leader–body junction sequences. MA104 cells were
infected with SHFVic at an MOI of 1. At 18 hpi, total
intracellular RNA was extracted, and mRNA was
isolated and subjected to library preparation and
RNA sequencing (RNA-seq) using Illumina HiSeq. The
resulting reads were trimmed, and SHFV sg mRNA
reads were extracted as described in Material and
Methods. All the sg mRNA reads were mapped to
each of the 36 newly identified as well as to the nine
previously published 3′ region leader–body junc-
tions. The remaining unmapped sg mRNA reads
were then mapped to an SHFV genome sequence
without the 5′ end (nucleotides 250–15,717). The
mapping results are displayed with the read depth
of 0–120 shown in detail and the remainder of the
reads shown in compact view. The previously known
SHFV genome ORFs are indicated by horizontal ar-
rows at the top with the start site of each ORF in-
dicated by a vertical line. The pink coverage peak
indicates a region with a very high number of mapped reads. Each green dot represents a single forward read, each red dot represents a single reverse read,
and each blue dot represents a paired read. The numbers on the left side indicate the read depth.
trometry, confirming its expression in infected cells (Table 1).
ORF10,071–10,331 encodes an 86-aa protein from an alternative
reading frame in the ORF1b region and is the largest of the
proteins expressed from an alternative reading frame. The mass
spectrometry analysis also detected all the previously known and
predicted SHFV nonstructural proteins except for nsp6, which is
only 13 aa in length and contains a trypsin cleavage site (Table 1).
Evidence for both −1 and −2 frameshift activities at a site in the
nsp2 region of the genome was previously reported for PRRSV
(39). The nsp2 frameshift sequence is conserved in the SHFV ge-
nome. The mass spectrometry analysis detected the SHFV nsp2
−1 and −2 frameshift products and showed that the SHFV nsp2
−2 frameshift product (nsp2_−2_TF, iBAQ intensity of 3.08E+07)
is more abundant than the −1 frameshift product (nsp2_−1_TF,
iBAQ intensity of 3.76E+06) (Table 1). No peptides from any of
the predicted ORFs in the SHFV minus-strand RNA were de-
tected by the mass spectrometry analysis.
Discussion
The defining characteristic of members of the order Nidovirales
is that the protein ORFs located at the 3′ end of the genome are
expressed from a 3′ coterminal nested set of sg mRNAs, and the
synthesis of the minus-strand templates for these sg mRNAs is
regulated by TRSs. Eight body TRSs were initially identified in
the SHFV genome, with each considered to be the TRS used for
generating the sg RNA of one of the known structural proteins
(24). We subsequently identified a body TRS and sg mRNA for a
ninth structural protein GP3′ by Northern blotting and RT-PCR
(25). In addition to the nine SHFV sg mRNA bands detected by
Northern blotting, whose sizes corresponded to the sizes predicted
for the sg mRNAs of the known structural proteins—GP2′, GP3′,
GP4′, GP2, GP3, GP4, GP5, M, and N—an additional uncharac-
terized band was detected between sg mRNA5 and sg mRNA6
with a 5′ leader probe (25). Although not characterized, a sg
mRNA band at the same relative gel position was evident on
multiple previously published Northern blots of EAV sg mRNAs,
suggesting that this additional sg mRNA may also be produced in
EAV-infected cells (31, 33, 40). In the present study, the additional
band was also detected with probes specific for sg mRNA7, sg
mRNA6, or sg mRNA5, confirming its location between sg
mRNA5 and sg mRNA6. Leader–body junctions amplified from
sg mRNAs produced in SHFV-infectedMA104 cells using a 5′ leader
primer and a 3′ body primer located upstream of TRS6 identified
seven adjacent body TRSs between TRS5 and TRS6 and indicated
that the broad band detected by Northern blotting was composed
of multiple sg mRNAs of slightly different sizes.
Subsequent NGS analyses identified two more body TRSs
between TRS5 and TRS6 for a total of nine functional TRSs in
this region. The sg mRNAs produced from each of these nine
TRSs were predicted to encode the same in-frame, C-terminal
peptide of GP5 (ORF5-C-68aa). The start codon for this ORF is
located downstream of the last GP5 transmembrane domain, so
this protein would be expected to be located in the cytoplasm of
infected cells. Although the expression of an ORF5-C peptide by
an arterivirus has not previously been predicted or reported, two
previous studies of the coronaviruses Severe acute respiratory
syndrome virus and Infectious bronchitis virus identified a novel sg
mRNA encoding an in-frame, C-terminal peptide of the virion
spike protein (41, 42), and an in-frame truncated spike protein
was also reported for Porcine respiratory coronavirus (43, 44).
Compared with the other identified SHFV in-frame C-terminal
peptides, ORF5-C-68aa and ORF6-C-79aa have much higher sg
mRNA abundances, and these were the two that showed a de-
creased virus yield after mutation of their start codon, suggesting
that ORF5-C-68aa and ORF6-C-79aa are functionally important
during the virus replication cycle. However, the possibility that
the conserved Met-to-Leu substitution in the full-length protein
was responsible for the effect observed was not ruled out. Al-
though no evidence of function in cell culture was obtained for the
ORF4′-C-84aa, ORF2a-C-161aa, and ORF2a′-C-25aa proteins, the
Mass Spectrometry Analysis of SHFV Proteins in Infected MA104 Cells. 
The relative abundance of an SHFV ORF product can be esti-
mated by the relative abundance of the sg mRNAs expressing it. 
When an ORF was encoded as the 5′ ORF in multiple sg 
mRNAs generated from different TRSs, then the combined sg 
mRNA abundance from all these TRSs was used to estimate the 
relative abundance of that ORF (Table S7, per ORF column). 
Among the three major structural proteins, ORF7 (N, 50.55%) 
had the highest abundance, followed by ORF6 (M, 10.15%) and 
ORF5 (GP5, 9.50%). The abundances for the minor structural 
proteins were lower: 5.69% for ORF2a′ (GP2′), 4.73% for ORF4 
(GP4), 4.14% for ORF2b (E), 3.65% for ORF2b′ (E′), 2.66% for 
ORF4′ (GP4′), 1.48% for ORF3′ (GP3), and 1.15% for ORF3 
(GP3). ORF2a (GP2, 0.09%) and ORF5a (0.002%) had the lowest 
abundance. Among all the in-frame C-terminal ORFs identified, 
ORF5-C-68aa had the highest abundance (1.43%), which is con-
sistent with the detection of its sg mRNAs on the Northern blots 
(Fig. 1). Each of the previously unreported ORFs encoded in an 
alternative reading frame had low abundance (Table S7, per ORF 
column).
To directly analyze the expression of the SHFV proteins, 
MA104 cells were infected with SHFVic virus at an MOI of 1. At 
18 hpi, cell lysate was collected in radioimmunoprecipitation 
assay (RIPA) buffer and briefly electrophoresed 1 cm into a 12%
NuPAGE Bis-Tris gel. The region of the gel containing proteins 
smaller than 75 kDa was excised and subjected to LC-MS/MS 
analysis. The MS/MS spectra generated were searched against a 
SHFV protein database that contains all the predicted ORFs 
(≥20 aa) encoded in all three reading frames on both the plus-
and minus-strand SHFV RNAs. Each SHFV protein detected 
was quantified using the intensity-based absolute quantification 
(iBAQ) method (Table 1). The mass spectrometry analysis de-
tected all the previously identified or predicted SHFV structural 
proteins except for ORF5a, which had the lowest sg mRNA 
abundance (0.002%) (Table S7). The relative amount of each 
SHFV structural protein correlated well with its estimated sg 
mRNA abundance, with the exception of ORF2a (GP2), ORF2a′
(GP2′), and ORF3′ (GP3′). ORF2a′ (GP2′) had the fourth most 
abundant sg mRNA, whereas its protein level ranked eighth. 
Conversely, the ORF3′ (GP3′) protein level ranked sixth, while 
the sg mRNA level ranked ninth. ORF2a (GP2) had the most 
surprising discrepancy with a very low sg mRNA abundance (0.09%, 
ranked 11th) but a very high amount of protein (iBAQ intensity of 
9.88 E+08, ranking seventh). This finding suggested that al-
though a separate body TRS was identified for ORF2a (GP2), 
the high abundance of this protein strongly suggests that it is also 
bicistronically expressed from the second ORF in the sg mRNAs 
encoding ORF2b (E), which are highly abundant.
Because the mass spectrometry analysis could not differentiate 
trypsin cleavage peptides generated from in-frame C-terminal 
proteins from those generated from the overlapping full-length 
proteins, the amounts of the C-terminal proteins were not estimated. 
However, the peptide-mapping diagrams for ORF4′, ORF2b, 
ORF2a, ORF5, and ORF6 showed a greater abundance of peptides 
mapping to the C-terminal region of these proteins, suggesting the 
possibility that these in-frame C-terminal proteins as well as the full-
length proteins are produced in infected cells. Among the ORF1a/ 
1b C-terminal ORFs, the in-frame C-terminal ORF of nsp12 
(nsp12-C-107aa) had the highest sg mRNA abundance, followed 
by ORF1b-C-579aa and ORF1b-C-215aa (Table S7). Accordingly, 
even though the ORF1b polyprotein is translated at a much lower 
efficiency (15–20%) than ORF1a (38), the mass spectrometry 
analysis detected a higher amount of nsp11 (iBAQ intensity of 
1.03E+08) and nsp12 (iBAQ intensity of 2.58E+08), which are the 
3′ terminal proteins of ORF1b, than of nsp8 (iBAQ intensity of 
8.29E+07), which is the 3′ terminal protein of ORF1a (Table 1). 
The data suggest that the ORF1b C-terminal ORFs are translated 
and provide an additional source of nsp11 and nsp12.
Among the six previously unreported ORFs located in alter-
native reading frames encoded by newly identified sg mRNAs, 
only the product of ORF10,071–10,331 was detected by mass spec-
possibility that these peptides may be functionally relevant in in-
fected animals has not been investigated.
The initial discovery of multiple functional TRSs for ORF5-C-
68aa suggested the possibility that additional TRSs were used for
the expression of sg mRNAs for some or all of the other SHFV 3′
ORFs. A total of 36 functional TRSs were subsequently identified
by amplification, cloning, and sequencing, and another 51 were
identified by NGS analysis of SHFV sg mRNAs from infected
MA104 cells. The majority of these TRSs produced alternative sg
mRNAs for known SHFV structural proteins. For five of the
structural protein ORFs, the relative abundance of the sg mRNA
produced from the previously published TRS was higher than that
of the sg mRNAs produced from any of the newly identified al-
ternative TRSs, confirming that the published TRS is the major
TRS used. However, for GP3′, GP4′, GP4, and GP5, one of the
newly identified alternative TRSs produced sg mRNAs at a higher
Fig. 5. Relative abundance of the sg mRNAs produced from each identified functional SHFV body TRS. The percent abundance of the sg mRNAs produced
from each identified functional body TRS was graphed according to its genome location. A schematic diagram of the SHFV genome is shown at the top. RFS,
ribosomal frameshift.
Table 1. Mass spectrometry analysis of SHFV proteins produced in MA104 cells
SHFV proteins kDa % coverage Razor + unique peptides iBAQ Intensity*
SHFV ORF7 (N) 12.284 62.2 8 1.54E+10
SHFV ORF6 (M) 17.851 61.7 10 2.71E+09
SHFV ORF5 (GP5) 31.294 19.8 5 1.39E+09
SHFV ORF2b (E) 8.7474 20 2 1.25E+09
SHFV ORF4 (GP4) 19.793 24.2 3 1.23E+09
SHFV ORF3′ (GP3′) 22.732 26 4 9.92E+08
SHFV ORF2a (GP2) 24.13 28 5 9.88E+08
SHFV ORF2a′ (GP2′) 31.792 48 11 5.48E+08
SHFV ORF2b′ (E′) 10.456 56.4 5 5.01E+08
SHFV ORF4′ (GP4′) 23.061 29.3 3 1.33E+08
SHFV ORF3 (GP3) 19.655 26.8 2 9.20E+07
ORF10,071–10,331 9.4705 19.8 2 8.54E+06
SHFV nsp1α 17.898 93.3 13 4.11E+09
SHFV nsp3 24.016 42.3 7 2.38E+09
SHFV nsp1β 20.663 78 10 1.98E+09
SHFV nsp4 20.858 47.8 8 1.80E+09
SHFV nsp1γ 15.313 77.6 6 1.66E+09
SHFV nsp2 81.172 51.9 31 1.63E+09
SHFV nsp7 22.932 73.1 11 8.21E+08
SHFV nsp5 18.089 4.8 1 5.94E+08
SHFV nsp12 19.828 45.2 6 2.58E+08
SHFV nsp9 70.347 42.6 24 1.08E+08
SHFV nsp11 24.767 43.5 6 1.03E+08
SHFV nsp8 5.249 68 2 8.29E+07
SHFV nsp10 49.348 38 10 7.31E+07
SHFV nsp2-2 TF 68.896 37.1 2 3.08E+07
SHFV nsp2-1 TF 52.161 45.5 1 3.76E+06
*The structural proteins and then the nonstructural proteins are listed in the order of their relative abundance.
abundance than the previously published TRS. The major TRSs
for those proteins were likely not identified in the previous study
due to the limited number of leader–body junction clones analyzed
(24). Evidence from previous studies suggested that the genomes
of other nidoviruses also contain functional alternative body TRSs
for their structural proteins. One or two alternative body TRSs
producing sg mRNAs encoding the structural proteins GP3, GP4,
or GP5 were identified by amplification and cloning of a few sg
mRNA leader–body junctions for PRRSV and EAV (40, 45).
Although the relative abundance of the EAV sg mRNAs produced
from these alternative body TRSs was lower than that from the
major TRS, the combined amount produced from them was suf-
ficient to generate infectious progeny virus when the major TRS
was inactivated (although the virus yield was reduced) (40).
Coronavirus genomes have also been shown to be able to use
functional alternative body TRSs when the major body TRS of a 3′
ORF is mutated (46–48). However, the finding that, for the ma-
jority of the SHFV proteins detected by mass spectrometry, the
relative protein level correlated well with the total sg mRNA
abundance produced from multiple TRSs strongly suggests that the
alternative body TRSs are not just reserve back-ups that function
only to ensure virus survival when the primary TRS becomes
mutated. Instead, the use of all the multiple alternative body TRSs
for each ORF during each replication cycle appears to be the
mechanism used to fine tune the production of the optimal total
amount of each viral protein, especially for those proteins that lack
a major TRS with high transcription activity.
After the discovery of the E ORF in arterivirus genomes and the
prediction of the additional E′ ORF in the SHFV genome, it was
proposed that SHFV sg mRNA2′ and sg mRNA2 bicistronically
express GP2′/E′ and E/GP2, respectively (10, 34). In the present
study, sg mRNAs were identified that encode E′ as the 5′ ORF.
The total sg mRNA abundance estimated for GP2′ was ∼1.5 times
higher than that for E′, which correlated with the relative protein
amounts estimated by mass spectrometry indicating that GP2′ was
∼1.1 times more abundant than E′. These data suggest that the
majority of E′ is expressed from the 5′ ORF of multiple E′ sg
mRNAs. Multiple sg mRNAs were also identified with GP2 as the
5′ ORF. However, although the total abundance estimated for the
GP2 sg mRNAs was ∼46 times lower than that for E, the protein
abundance estimated for GP2 was equivalent to that for E. This
finding suggests that, although sg mRNAs expressing GP2 as the 5′
ORF are produced at low levels, the majority of GP2 produced is
translated as a second ORF from the E sg mRNAs. Monocistronic
sg mRNAs have also subsequently been identified for some coro-
navirus proteins, such as the Mouse hepatitis virus (MHV) E pro-
tein, that were initially thought to be expressed bicistronically (41,
49, 50). However, an in vitro translation study showed that the
MHV E protein can also be expressed from the second ORF of a
larger sg mRNA (50). The SHFV sg mRNA5 was previously
predicted to express both GP5 and ORF5a. In the present study,
separate ORF5a sg mRNAs were identified at the very low
abundance of 0.002%. The lack of detection of ORF5a peptides by
the mass spectrometry analysis was consistent with the low sg
mRNA abundance and suggested that it is unlikely that ORF5a is
expressed bicistronically from the highly abundant GP5 sg mRNAs.
3′ end was not observed. Instead, multiple regions of high
transcriptional activity flanked by regions of low transcriptional
activity were detected. Previous studies showed that increasing
the duplex stability between leader–body TRSs by site-directed
mutagenesis enhanced sg mRNA synthesis but that duplex sta-
bility was not the only determinant (33, 47, 53, 54). In the present
study, a linear correlation between the sg mRNA abundance and
the stability of the duplex formed between the leader TRS and
each of the seven nearby body TRSs for ORF5-C-68aa was not
observed. These results are consistent with previous observations
for both coronavirus and arterivirus genomes indicating that the
local RNA secondary structural context of the different body TRSs
as well as long-distance RNA interactions in the viral genome play
important roles in determining the efficiency of sg mRNA pro-
duction (40, 54–57).
Surprisingly, multiple functional body TRSs were also identi-
fied in the ORF1a/1b region of the SHFV genome, indicating
that sg RNA transcription is not restricted to the 3′ structural
protein region. A previous study of the coronavirus MHV also
identified three functional body TRSs in the ORF1a region (58).
Most of the TRSs in the SHFV ORF1a/1b region produced long
sg mRNAs encoding different lengths of in-frame, C-terminal
portions of ORF1b (truncated ORF1b). A previous study on
the arterivirus LDV also identified a body TRS in ORF1b that
produced a long sg mRNA encoding a truncated ORF1b (200 aa)
(59). ORF1b is translated as part of an ORF1a/1b polyprotein
after a −1 frame shift occurs near the end of ORF1a and the 1b
region is cleaved to produce nsp9 (RdRp), nsp10 (helicase), nsp11
(NendoU), and nsp12 (function unknown) (10). Except for
nsp12-C, all the truncated SHFV ORF1b ORFs encode full-
length nsp12. The longest truncated ORF1b ORF, ORF1b-C-
1,021aa, encodes full-length nsp12, nsp11, and nsp10 as well as
the C terminus of nsp9. The translation efficiency of EAV ORF1b
was previously reported to be only 15–20% of that of ORF1a (38).
The production of sg mRNAs encoding ORF1b proteins provides
an alternative means for producing nsp10, nsp11, and especially
nsp12. Consistent with this hypothesis, the mass spectrometry
analysis detected three times more nsp12 (iBAQ intensity of 2.58E+
08) than nsp8 (iBAQ intensity of 8.29E+07), which is cleaved from
the 3′ end of the ORF1a polyprotein.
Studies on different coronaviruses identified additional func-
tional body TRSs that produce sg mRNAs encoding accessory
proteins or previously unidentified protein ORFs, some of which
are virus-strain specific (41, 42, 51, 58, 60, 61). In the present study,
additional functional body TRSs that produce sg mRNAs encoding
six previously unidentified ORFs in an alternative reading frame
were discovered. However, only the protein product expressed
from ORF10,071–10,331, which is located within the ORF1b region,
was detected by mass spectrometry analysis. This 86-aa product
was the largest among those of the additional alternative reading
frame ORFs and was predicted to be composed primarily of an
α-helix, to have two transmembrane domains, and to contain a
protein kinase C phosphorylation site (PredictProtein, https://www.
predictprotein.org/). Five of the previously unreported body TRSs
produced sg mRNAs encoding ORF15,419–15,505 (28 aa) from the
+2 reading frame inside ORF7 (N), which is very similar to the
recently identified small ORF7a of both type I and type II PRRSV
that is also translated from the +2 reading frame inside ORF7 (N)
(62). An alternative ORF inside the N gene encoding an accessary
protein has also been identified in the genomes of many beta
coronaviruses (63–65). The lack of detection of peptides from
ORF15,419–15,505 and the other SHFV alternative frame ORFs by
mass spectrometry could be due to small peptide size, low abun-
dance, the location of trypsin cleavage sites, and/or posttranslational
modifications preventing trypsin cleavage.
An additional functional arterivirus ORF1a frameshift site that
primarily produces the −2 frameshift product nsp2TF was pre-
viously identified in the nsp2 region of the PRRSV genome. This
site was predicted to be conserved in the SHFV LVR nsp2 region,
and a −2 frameshift would produce a fusion protein consisting of
the N-terminal two-thirds of nsp2 fused to an alternative 225-aa
About a third of the body TRSs identified in the SHFV ge-
nome produced detectable levels of sg mRNAs with two or three 
variant leader–body junction sequences. The junction sequence 
of a sg mRNA is determined by the position at which the poly-
merase disassociates from the body TRS core sequence and by 
the location where the 3′ end of the nascent minus strand an-
neals to the leader TRS core sequence. Heterogeneity of the 
leader–body junction sequences generated from the same body 
TRS has also been observed for some coronavirus sg mRNAs 
(51, 52). Despite the complexity of SHFV sg mRNA production, 
the total abundance of sg mRNA generated at each body TRS 
was consistent at early and late times post infection in two dif-
ferent cell types. Although the sg mRNAs generated at the 3′
terminal TRS7 were by far the most abundant, a serial decrease 
in sg mRNA abundance with increasing TRS distance from the
extension (39). Some −1 frameshift activity at the site in the
PRRSV genome was also detected and produced a fusion protein
(nsp2N) with a very short extension due to an immediate stop co-
don. Unlike PRRSV, the −1 frameshift in the SHFV LVR nsp2
produces a fusion protein with an alternative 77-aa extension.
Peptides mapping to the unique extensions of the −1 or −2 nsp2
frameshift products were detected in SHFV-infected MA104
cells by mass spectrometry. Similar to the data obtained for
PRRSV, the SHFV nsp2 −2 frameshift was more efficient than
the −1 frameshift. The intracellular locations and biological
functions of the SHFV nsp2 frameshift products are not known.
The detection of functional body TRSs in the SHFV 5′
ORF1a/1b region suggests that nidovirus sg RNA transcription
can occur within the 5′ region as well as within the 3′ region of
the genome. The SHFV ORF1b sg mRNAs identified provide an
alternative means of increasing the abundance of the ORF1b
nonstructural proteins, especially nsp11 and nsp12. The identi-
fication of multiple functional body TRSs for all but four of the
SHFV 3′ ORFs and the consistency of sg mRNA abundance
produced from individual TRSs at different times during the
infection cycle in two different cell types indicate that nidovirus
transcription is accurately regulated and more complex than
previously appreciated. The alternating regions of high and low
transcription activity detected across the 3′ region of the SHFV
genome strongly suggest a role for local secondary and genomic
higher-order RNA structures in regulating nidovirus transcription.
The discovery of many previously unreported in-frame C-terminal
ORFs and alternative frame ORFs encoded by newly identified sg
mRNAs indicates that the coding capacity of the SHFV genome
and very likely that of other nidovirus genomes was previously
underestimated. In fact, a recent gene-expression study of the
coronavirus MHV that used ribosome profiling and RNA se-
quencing identified 15 previously unreported sg mRNAs with
unique junction sequences at 5 hpi and detected heterogeneous
leader–body junction sequences generated from the same body
TRS (66). Translation initiation was also detected at internal AUG
codons in the MHV ORF5 by Ribo-Seq. In addition, translation of
several small, previously unidentified ORFs either upstream of or
embedded within known viral protein ORFs was detected that was
often initiated from a noncanonical start codon, such as CUG.
These data predict an even bigger coding capacity for nidoviruses.
The small MHVORFs were proposed to regulate the translation of
the downstream ORF in the same sg mRNA. Some of the SHFV
small C-terminal ORFs and alternative frame ORFs identified in
the present study may also function as regulators of a downstream
ORF. Alternatively, increasing evidence from different organisms
suggests that small proteins, as short as 11 aa, translated from in-
frame or alternative frame ORFs are functional and are involved in
regulating a variety of cellular processes (67, 68).
Materials and Methods
Methods and sources of reagents can be found in SI Materials and Methods.
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